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Abstract
Orthopyroxene-bearing granulites (with or without cordierite) occur as patches within garnetiferous
quartzofeldspathic gneisses (leptynites) near Punalur area in the Kerala Khondalite Belt (KKB) , South In-
dia. The small-scale transition zones (from three quarry exposures) investigated in this study represent lo-
cal transformation of foliated, light grey garnet-biotite gneiss into a dark, greenish brown, coarse-grained
charnockite. Textural criteria and compositional characteristics of the different phases document several
mineral reactions:
garnet + biotite + quartz = orthopyroxene + alkali feldspar + plagioclase + ilmenite + H,O
biotite + quartz = orthopyroxene + alkali feldspar + v
biotite + garnet + quartz = orthopyroxene + cordierite + alkali feldspar + v
biotite + quartz = cordierite + orthopyroxene + alkali feldspar + H,O
garnet + quartz = cordierite + orthopyroxene
Fluid-inclusion data in conjunction with the mineral reactions, show that the granulites of the present
study area followed an isothermal decompression path with fluid entrapment conditions at ca. 600-700°C
and 3-4 kbar. Mineralogical and textural evidence for this path includes reaction intergrowth of skeletal
biotite and garnet with neoformed orthopyroxene and plagioclase, cordierite coronal rims around garnet
and spinel, symplectitic intergrowth of cordierite-quartz and cordierite-orthopyroxene, and bluish
pleochroic haloes of cordierite around tiny zircon crystals. Fluid-inclusion studies on minerals associated
with alkaline pegmatites occurring in the same area revealed the presence of high density CO,-rich fluids.
The wide occurrence of similar pegmatite dykes adjacent to the incipient charnockites in many localities in
KKB, suggest that the fluids expelled from the alkaline magmas upon their freezing were channeled along
faults/shears effecting dehydration along the fluid pat!:way and generating incipient charnockites through
CO,-induced metasomatism. These pegmatites possibly represent part of an alkaline magmatic phase with
abundant volatile activity, correlatable with the Pan-African alkaline magmatism widely recognized in the
southwestern Indian shield. We propose that incipient charnockite formation in KKB is intimately related
to magmatic processes, in that the heat and volatiles were derived from CO,- and volatile-enriched mag-
mas.
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Introduction
Metamorphism of crustal rocks commonly takes
place in the presence of a fluid phase containing
significant proportions of water or carbondioxide or
both. Because CO, has been considered relatively inert
and less reactive with silicate minerals than H,O, it
has been viewed as a better candidate for traversing
deep crustal rocks as a free fluid phase. As fluid-
inclusions represent samples of fluids that were
present at some point during the petrogenetic history
of the host mineral, the study of their features
has often yielded important information on the nature
of fluids involved in various geological processes.
Although there is a general assumption that fluid-
inclusions represent closed chemical systems, which
has been the basis for applying inclusions data to
petrological problems, the occurrence of pure CO,
inclusions in high grade metamorphic rocks has
prompted petrologists to consider other physico-
chemical mechanisms for the selective removal of H,O
from the inferred equilibrium fluids, often a topic of
debate in deep crustal metamorphism (e.g., Newton,
1989; Valley et al., 1990).
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The movement of a small fluid fraction through a
matrix of crystals is only possible if the fluid fills a
connected network of pores. Because the matrix is un-
dergoing metamorphism, it is likely that the system
will be in both chemical and textural equilibrium, at
least during the time of peak metamorphism. The occur-
rence of CO 2-rich fluid-inclusions in granulite-facies
rocks and the compositional differences between
granulite-facies rocks and associated amphibolite-facies
rocks substantiate the role of CO 2 in modifying the
composition of deep continental crust. These COz -rich
fluid-inclusions are often believed to contain samples of
the peak granulite-facies fluid, and hence could provide
important information regarding the processes responsi-
ble for the stabilization of granulite-facies mineral as-
semblages. The breakdown of minerals containing fluid
species (OH, F, B, etc.) during the granulite-facies
metamorphism provides a significant source for fluids
and silicate melts in the crust.
Mixed granulite-amphibolite rocks, in which hydrous
amphibolite-facies rocks are transected by veins and
patches of anhydrous mineralogy, characteristic of the
granulite-facies, provide an important scenario for the
intriguing aspects of granulite formation in relation to
fluid movement, dehydration and anatexis in the middle
and lower crust. Charnockite veining of amphibolite-
facies gneisses was first reported by Pichamuthu (1960)
in the late Archaean granulite-facies terrain of southern
India. Since then, spectacular outcrops of these
amphibolite-facies metamorphic units contammg
granulite "enclaves" in southern India have attracted
the attention of many scientific studies that have
mainly been concerned with the mechanisms of granulite
formation (e.g., Janardhan et al., 1979; Srikantappa et
al., 1985; Hansen et al., 1987; Santosh et al., 1990).
The present work aims at fluid-inclusion characteri-
zation and a petrogenetic interpretation of arrested,
insitu charnockite formation in a well-exposed example
from southern India. Careful documentation of the field
relations, combined with structural data, mineral reac-
tions and compositions, and comprehensive characteri-
zation of the fluid regime, have been employed in this
study to trace the metamorphic history. Disequilibrium
mineral assemblages preserved in granulite-facies rocks
of the present study area make it possible to interpret
the reaction history. Coronas, reflecting changing
parageneses in circumstances that are sufficiently tran-
sient for the reactions responsible not to have gone to
completion, together with symplectites which, unlike co-
ronas, usually completely replace an early mineral, pro-
vide a direct insight into changing mineral parageneses
with changing metamorphic conditions. The involvement
of refractory or less reactive minerals participating in
such reaction textures and rather anhydrous conditions
controlling the rate of reactions during granulite meta-
morphism, enhance the significant role of granulites as
sensitive monitors. Finally, we evaluate the implication
of the present study in understanding fluid movements
and processes in the host granulites and drawing a plau-
sible model for fluid-controlled, incipient charnockite
formation.
Conceptual framework
Recent reviews by Ellis (1987) and Harley (1989)
have emphasized that granulite-facies rocks are widely
distributed in space and time and can form along a va-
riety of P-T-time paths in both extensional and
compressional tectonic regimes.
Concepts of metamorphism have been considerably
advanced ever since it was established that the stabili-
zation of granulite-facies mineral assemblages require
reduced activities of H 20 (e.g., the coexistence of
orthopyroxene and k-feldspar in charnockite patches). A
number of arguments have been put forward for dehy-
dration in granulites, including partial melting causing
the preferential partitioning of water into the melt
phase, passage of dry magmas through the crust, perva-
sive infiltration of deep-seated CO 2 diluting the meta-
morphic fluid resulting in reduced HzO, and metamor-
phism of already dry rocks (e.g., Newton et al., 1980;
Lamb and Valley, 1984; Waters and Whales, 1984).
That granulite terranes in most cases record both higher
temperatures and lower Hz 0 activities than
amphibolite-facies terranes leaves unresolved the basic
question of the principal driving mechanism. Indeed, it
is important to determine whether anatexis occurs by
dehydration melting (vapor-absent melting), or whether
a free fluid, migrating in the middle and lower crust,
played an active role during metamorphism (vapor-
present melting) (Touret, 1985; Lamb and Valley, 1984;
Lamb et al., 1987; Newton, 1992).
South India, as elsewhere, is not an exception for
the ongoing debate on the composition and role of
metamorphic fluids. For example, arrested charnockites
in South India are viewed as representing the initial
stage of granulite formation driven by the influx of a
C02 "wave", arising from the notion of "carbonic
metamorphism" (Touret, 1971; Newton et al., 1980);
this could explain the source of CO 2 trapped in inclu-
sions during the peak of granulite-facies metamorphism
(Friend, 1981; Harris et al., 1982; Janardhan et al.,
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1982; Hansen et ai., 1987; Santosh et ai., 1990, 1991;
Newton, 1992). Studies of gneiss-charnockite transitions
suggest that the change was from H 20-dominated to C
O2- dominated compositions, though in the examination
of Stahle et ai., (1987) the amphibolite-facies rocks
were considered to be essentially fluid-free. Granulite
formation by a sudden decrease of fluid pressure, envis-
aging the escaping of pore fluids along shear systems
when the system changed froni ductile to brittle,
(Srikantappa et ai., 1985) constitutes another scenario.
Anyone or all of these mechanisms may account for the
formation of CO 2 -rich fluid-inclusions during the peak
of granulite-facies metamorphism. Although there is
now general agreement among workers in southern India
that carbonic fluids played a decisive role in the dehy-
dration process, there is no consensus as to the origin
of the fluids and the mechanism of dehydration. If, in-
deed, there is more than one mechanism for driving
rocks through the transition, it should eventually be re-
corded III the field, mineralogical, structural,
microstructural, geochemical and fluid-inclusion charac-
teristics.
Location and regional framework
The Kerala Khondalite Belt (KKB) (also known as
the Trivandrum Block - Santosh, 1996), wedged between
the Kodaikkanal-Cardamom Hill Massif (K-CHM)
(within the Madurai Block) to the north and the
Nagercoil massif (within the Nagercoil Block) to the
south, is a granulite-facies supracrustal sequence to-
wards the southern margin of the South Indian high-
grade metamorphic terrain (Fig. 1a). The KKB com-
prises dominantly garnet-biotite±sillimanite±cordierite-
bearing gneisses (termed as khondalites), garnetiferous
quartzo-feldspathic gneisses (termed as leptynites) and
orthopyroxene- bearing, greasy green granulites of
broadly granitic composition (charnockites), with minor
intercalations of basic granulites, calc-gneisses and
quartzites (Fig. Ib). The vast, supracrustal sequence of
the KKB is separated from the monotonous, garnet- and
graphite-free K-CHM in the north, which contains
charnockites (felsic compositions) and enderbites (inter-
mediate varieties) , termed as massif charnockites
(orthopyroxene-bearing granulites, without regard to
bulk composition and texture, occurring over large ar-
eas) , by the Achankovil Shear Zone (ACSZ). The ACSZ
is interpreted as a major, northwest-trending, strike-slip
shear zone of probable Proterozoic age, which truncates
major earlier structures (Fig. la) (Drury et ai., 1984).
Although it is clear that there is a major lithologic
change across the ACSZ, more detailed studies indicate
that the major shear-zone features across this 10-20 km-
wide and more than 100 km-long shear belt show pri-
marily dextral shear, with a minor component of re-
verse shear (Sacks et ai., 1997). The present study is in
this segment and is within the ACSZ. To the south of
the KKB is the charnockitic Nagercoil Massif. Granulite
formation in its arrested stage has been recorded from
a number of localities in the KKB, where garnet- or
biotite-bearing gneisses (with or without graphite)
show progressive stages of desiccation and transforma-
tion to orthopyroxene-bearing charnockites along ori-
ented zones. The supracrustal sequence of KKB is
thought to represent metamorphosed pelitic and seml-
pelitic sediments deposited in a shallow, marine enVI-
ronment (Chacko et ai., 1987; 1992).
Mineral thermobarometric computations in previous
studies, based on Fe-Mg exchange thermometry and grt-
plg-opx-qtz barometry have recorded relatively uniform
conditions in the 700-800°C, 5-6 kbar range without any
apparent spatial variation throughout the KKB (Harris
et ai., 1982; Chacko et ai., 1987; Santosh, 1987; Hansen
et ai., 1987; Santosh et ai., 1990). Small slivers of
cordierite granulites from the northern margin of the
KKB near its boundary with the K-CHM have provided
P-T conditions of 753±32°C and 4.2±1.2 kbar, forming
an isothermal decompressional post-peak metamorphic
path inferred from cordierite corona textures as well as
from fluid-inclusion density data (Santosh 1987;
Santosh et ai., 1993). However recent re-evaluations of
mineral-phase equilibria thermometers from the KKB
indicate high temperatures of 800-1000"C at pressures of
7-9.5 kbar (Chacko et ai., 1996), provoking a re-
evaluation of existing petrological and tectonic models
for the evolution of the KKB.
In South India, at least two periods of charnockite
formation have been identified: (1) during late-
Archaean crustal growth north of the Palghat-Cauvery
Shear Zone (PCSZ) (Fig. 1a) (e.g., Bernard-Griffiths et
ai. 1987; Peucat et ai., 1989, 1993); and (2) during the
Pan-African tectonothermal event south of the PCSZ
(Choudhary et ai., 1992; Santosh et al., 1992; Rogers et
ai., 1995; Bartlett et ai., 1995; Jayananda et ai., 1995;
Miller et ai., 1996). This suggests that distinct thermal
histories across the shear zone persisted as long as the
Ordovician, and that most, if not all, of the region has
experienced several high-grade metamorphic events. For
terrains south of the ACSZ, high-grade metamorphism
occurred firstly at 1.8 Ga, and secondly at 500-550 Ma
during the Pan-African event (Santosh et ai., 1992;
Bartlett, 1995)
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Fig. 1. a. Generalized geologic map of the high-grade terrain of South India showing different granulite blocks and Proterozoic
shear zones. PCSZ-Palghat Cauvery shear zone, MBSZ-Moyar Bhavani shear zone, ACSZ-Achankovil shear zone. The
additional localities investigated are also shown.
b. Generalized geologic map of southern Kerala showing the distribution of various lithologies encountered within the
KKB (d. GSI, 1995) .
c. Geological map of Punalur and its adjoining areas showing the distribution of various lithologies observed. A clear
feature is the constancy of the WNW-ESE to NW-SE trend of the Achankovil shear zone.
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Table 1. Observed mineral assemblages (in the field) of the various lithologies encountered in the present study area. The pre-
sent study focuses on the rock types lliustratmg gneiss-granulite transformation on a handspecimen scale.
Lithotype Observed mineral assemblages Prominent occurrence(s)
Garnet-Biotite gneiss Grt-Bt-Kfs-PI-Qtz±Gph Location No. 22, 23, 24, 25
Biotite gneiss Bt-Kfs-PI-Qtz±Crd Location No.9, 10
Massi ve charnocki te Opx-Qtz-Kfs-PI-Crd-Bt-Grt Location No.8
Incipient charnockite Opx-Kfs-PI-Grt-Qtz±Bt±Gph Location No. 22, 23, 24
Calc gneiss Cpx- Pl-Kfs-Sph-Cal-Qtz Location No.5
Granite IQtz-Kfs-PI-Bt Location No. 12
The present study is confined to Punalur and its ad-
joining areas, which occur within the Quilon district,
and is located between longitudes 76° 55' and 76° 59' E
and latitudes 9° l' and 9° 3' N (Fig. lc); it is repre-
sented in the Survey of India topo sheet No. 58C/16.
Outcrops within the study area expose a strongly de-
formed suite of rocks comprising charnockites, garnet-
biotite gneiss, biotite gneiss, calc-gneiss and granite, as
revealed in the lithological mapping carried out as part
of this study. The regional distribution of the various
lithologies encountered in the study area is illustrated
in Fig. lc and their constituent mineral assemblages are
summarized in Table 1. Considering the proximity of
the present study area to the ACSZ, a preliminary
structural assessment was carried out to determine the
relationship between different shear zone features and
the various rock types encountered, in order to evaluate
their significance in the light of recent structural stud-
ies (e.g. Radhakrishna et al., 1990; Sacks et al., 1997).
Structure
In the absence of primary structures, the dominant
fabric elements in the study area are lithological band-
ing of felsic gneiss units, and a layer-parallel foliation
defined by modal variation and preferred orientation of
mineral grains and grain clusters. Gneissosity, forming
the secondary compositional layering, constitutes the
earliest recognizable planar structure. In garnet-biotite
gneiss, gneissosity produced alternate bands of quartzo-
feldspathic and garnet and biotite portions, while in
biotite gneiss the foliation plane is produced by the
preferential alignment of biotite. The strike of the sec-
ondary compositional banding, which is conformable in
all the rock types of the area, is generally WNW-ESE
to NW-SE, dipping moderately towards the SW (with
relatively rare NE dip), in conformity with the general
NW-SE trend of the ACSZ.
The lithological b0undaries, fine compositional lay-
ering and layer-parallel foliation are all assigned to Sl,
constituting the first phase of deformation (D!). The
highest grade minerals in most rocks are aligned in the
regional Sl foliation. Dl was associated with granulite-
facies metamorphism. Subsequent deformation (D2) re-
folded the metamorphic foliation into a series of open
antiforms and synforms, and occasional isoclinal folds
(Fl) with ENE-WSW-trending axes. Fl folds affect
both the layering and Sl foliation, producing distinct
crenulation bands, which are characterized by an in-
crease in the leucocratic component of the gneiss. Two
superimposed fold generations have been recognized, al-
though most outcrops show only one phase of folding.
Fl folds are more open and F2 folds are more closed.
Figs. 2a & b illustrate a superimposed fold seen in loca-
tion No. 22 (Fig. lc) showing a characteristic crescent
arm shape, with the Fl fold plunging N50° E and the F2
fold plunging N15° W. A third deformation (D3) pro-
duced open to close folds on WNW-ESE axial trends and
was associated with charnockitization; a fourth defor-
mation, although less pronounced, produced broad open
folds on NE-SW axial trends. Joints are well developed
in almost all rock types of the area, with majority
showing a NW-SE trend. At location No. 22 (Fig. lc),
a prominent joint runs all along the quarry, striking
N45°W.
The gneisses within the study area contain a distinc-
tive assemblage of asymmetric structures that indicate
a consistent sense of shear. Fold limbs are zones of
transposed gneissosity that contain indicators of a
probable sinistral sense of shear and well-developed
mineral elongation lineation defined by quartz ribbons,
trails of xenoblastic garnet grains and the alignment of
the long axes of k-feldspar augen. Open to isoclinal
intrafolial folds encountered in the study area are in-
variably asymmetric. Pinch-and-swell structures and
boudins commonly show rotation with respect to folia-
tion. Tight "S" asymmetric F2 folds and abundant
synkinematic pegmatite veins are seen in the western
part of the study area. The development of a refold
structure by superposed buckling is illustrated in Figs.
3a & b. There are smaller asymmetrical S- and Z- folds
congruous with the larger Fl, with one of its limbs
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striking E-W while the other strikes N50 ° E, showing
negative extension (Figs. 3a & b). During the develop-
ment of F2, on the traces of axial planar cleavage pre-
served, the simple shear is dextral on the left limb and
sinistral on the right limb (Figs. 3a & b). Elongate
quartz lenticles and garnet and biotite aggregates define
a penetrative lineation, particularly in the western part
of the study area, plunging moderately to steeply to-
ward the south, parallel to axes of dominantly "8"
asymmetric F2 folds of 81 and of Fl folds. Location
No. 20 (Fig. lc) provides remarkable examples of roll-
ing structures (Van Den Driessche, 1986), seen III a
biotite-rich matrix, consisting of feldspar
porphyroblasts surrounded by strongly elongated trails
,
'~~, ~\, ~
,
Left limb
Simple shear - sinistral
/
v:/ /
/
Right limb
Simple shear - dextral
b
a
b
Fig. 2. a. Field photograph illustrating a crescent, arm-
shaped superimposed fold seen in location No.22.
b. Sketch of the superimposed fold illustrated in
Fig.2a. Fl fold plunges N500E and F2 fold plunges
N15°W
Fig. 3. a. Field photograph illustrating a refolded structure
developed by superposed buckling (location
No.22) .
b. Sketch of the refolded structured developed by su-
perposed buckling illustrated in Fig .3a. The two
limbs illustrate smaller asymmetric S- and Z-
folds congruous with the larger Fl, with one limb
striking E-W while other strikes N50° E,showing
negative extension. The sense of simple shear on
the left and right limbs is also shown. See text for
details.
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(Figs. 4a & b), the bulk S-asymmetry of which repre-
sent a sinistral sense of shearing. Tight, appressed
isoclinal folding of tails of rolling structures are some-
times noted, similar to fold pattems in the gneissic
(protomylonitic ??) matrix. Paired hook folds (Figs.
a
b
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Fig. 4. a. Field photograph showing rolling structures seen
at location No.20.
b. Sketch of the rolling structure illustrated in
Fig.4a. Its bulk asymmetry represents a sinistral
sense of shearing.
5a & b) are developed in gneissic banding, and it seems
likely that they were produced during a sinistral shear,
during which an extensional leucocratic vein developed
obliquely across the gneissose banding and earlier
leucocratic velllS, further confirming the significance of
a
b
S Asymmetry
L...-
S Sinistral shear
---,..
-
-
-
Asymmetric fold geometry in a sinistral shear regime
Fig. 5. a. Field photograph illustrating paired hook folds
seen in location No.3. Note the rolling structure in
the photograph.
b. Sketch of the paired hook folds and the rolling
structure illustrated in Fig .5a. It seems likely that
these were produced during a sinistral shear. The
bulk asymmetry of the rolling structure' and the
fold geometry of asymmetric folds indica:ti~e of a
sinistral sense of shear is also shown'..... '
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a sinistral sense of shear in the ACSZ. Sacks et al.,
(1997) recently reported the kinematic analysis of vari-
ous asymmetric features along the southwestern edge of
the ACSZ, known as the Tenmala shear zone Isee Fig. 2
in Sacks et al., (1997) I, as indicating a primarily dex-
tral shear, with a minor component of reverse shear. At
present the structural features illustrated in the present
study do not constitute evidence either for or against
the dextral shear advocated by Sacks et al., (1997), and
require to be verified by further detailed studies. In
spite of the consistent NW-SE trend of the ACSZ, the
consistency of shear asymmetry indicators deserves
comment.
Field relationships
Some of the exposures are restricted to isolated
patches due to extensive lateritization and, hence, it
was not possible to observe directly the contact between
adjacent rock types. In some places the rocks are capped
by residual laterites, which still retain relics of folia-
tion and related structures. Charnockite occurs in the
field both as massive bodies, covering extensive areas in
the north-eastern part of the study area, and as lenses
and patches associated with garnet-biotite gneiss. The
gradational contact between the massive charnockite
(dark green rock containing orthopyroxene, quartz, feld-
spar, and minor amounts of biotite and garnet) and
biotite gneiss have been observed in an exposure 1 km
north of Karavur junction (location No.9; Fig. Ie), in
the .northern part of the study area, where bluish
cordierite occurs in both charnockite and gneiss, with a
significant increase in its contents at the contact.
Biotite gneiss, characterized by the absence of garnet
and graphite, is exposed in the northeastern part of the
study area and the rock is coarse to fine grained and
banded by relatively quartz-feldspar rich and biotite-
rich bands representing the NW-SE trending foliated
character of the gneiss. A calc-gneiss exposure is noticed
about 6 km north-east of Mukkadavu junction in the
Piravanthur area (location No.5; Fig. lc) showing a
NW-SE trend, concordant with charnockites in the
north-east and garnet-biotite gneiss in the south-west:
The calc-gneiss is intercalated with a number of sheared
and boudinaged, thin quartzite horizons parallel to the
general trend of the ACSZ. This calc-gneiss body belongs
to the type I calc-silicate rocks (among the four types
of calc-silicate rocks differentiated in South India by
Satish-Kumar et al., 1996), characterized by the absence
of wollastonite and grossular garnet. Granite exposed
in the north eastern part of the 'study area shows crude
gneissosity, imparted by biotite flakes, especially in the
peripheral regions, and is at places cut across by felsic
microgranitic veins. As this study focuses on the meta-
morphic characteristics of fluid-controlled granulite for-
mation, the localities exposing gneiss-granulite transfor-
mations were examined in more detail.
In the southwestern part of the study area, arrested
in-situ charnockitization producing a patchy pattern is
spectacularly exposed in three quarries (location No. 22,
23 and 24; Fig. Ie) and in handspecimens showing the
local transformation of a foliated, light-grey, garnet-
biotite gneiss into a dark, greenish-brown, coarse-
grained charnockite (Fig. 6). The dominant rock type in
these quarries is a fairly homogenous, light-grey garnet-
biotite gneiss (leptynite), with an assemblage of
garnet-biotite-alkali feldspar-plagioclase-quartz, over-
printed by the patchy development of incipient
charnockite (ranging in size from ca. 0.5-20 cm), with
an assemblage of orthopyroxene-alkali feldspar-plagiocl
ase-garnet-quartz ± biotite. Graphite is usually present
as a mlllor « 1%) phase III both gneiss and
charnockite. Visual estimates show a general increase in
the abundance of graphite within the charnockite.
Finely disseminated graphite, intergrown usually with
biotite, occurs as minute flakes best seen on foliation
surfaces of gneissic domains, although occasionally with
flakes of large size. Irregular crystals of sulfides (py-
rite, pyrrhotite) are common.
Fig. 6. Field photograph illustrating arrested in-situ char-
nockitization producing greenish, anhydrous patches
in a well-foliated garnet-biotite gneiss domain (loca-
tion No .22). Features such as abrupt coarsening of
grain size and darkening on passing from gneiss to
charnockite patch, complete obliteration of gneissic
fabric with no preferred alignment of minerals in the
patch, depletion of biotite and garnet in the
orthopyroxene-bearing patch relative to the gneiss,
constitute the field evidence for incipient charnockite
formation.
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Close comparison of the adjacent orthopyroxene-
bearing and orthopyroxene-free portions reveals a sharp
contrast in lithology. This is evident from the dark-
green, medium- to coarse-grained orthopyroxene-bearing
patches, against the leucocratic, fine- to medium-
grained garnet-biotite gneiss, with the depletion of
biotite and garnet in the orthopyroxene-bearing patches
relative to the gneiss (Fig. 6). The gneissic domain pre-
serves a prominent mineral foliation, demarcated by
quartzo-feldspathic seggregations alternating with dis-
continuous stringers of garnet and lor biotite
(ferromagnesian mineral-rich portions), and often show-
mg a migmatitic appearance, with quartzo-feldspathic
bands and lenses of thickness ranging from ca. 0.5 to
2.5 cm. The progressive migmatitic nature of the
gneissic rock is further evidenced by the presence of
bands, pods or veins of garnetiferous granitic pegma-
tite, generally parallel to the foliation but occasionally
oblique to it. Coarse feldspars and quartz and
centimeter-sized red garnets are mostly seen in bands
parallel to the foliation. In contrast to the gneissic do-
mains, charnockite patches are almost devoid of min-
eral foliation, although in some patches bands of garnet
can be traced, and some contains large, simply twinned
k-feldspar phenocrysts upto 2 cm across and scattered
porphyroblasts of orthopyroxene upto 1 cm across. In
the charnockitized portions, the migmatitic structure of
the precursor gneisses is completely effaced due to thor-
ough recrystallization and considerable coarsening.
These features indicate that the charnockite formation
post dated all penetrative events, including
migmatisation.
Cordierite-bearing charnockite is prominently ex-
posed at location No. 27 (Fig. lc), where patches con-
taining coarse grains of cordierite and orthopyroxene
overprint garnet-biotite gneiss and have field relation-
ships similar to those of the incipient charnockite lo-
calities.
In addition to the common gneissic and granulitic
lithologies, many outcrops also contain intrusive
pegmatites, occurring as metre-scale seggregations ..and
veins, often cutting across the regional penetrative fab-
ric of the gneisses and generally having a NE-SW trend.
The constancy of their trend indicates structural con-
trol. In the order of abundance, as observable in hand
speCImens, the main constituents noticed in the
pegmatites are normally alkali feldspar (50-60%),
smoky as well as transparent quartz (20-25%) and pla-
gioclase feldspar (10-15 %), with less abundant minerals
such as graphite, fluorapatite, pyrite and chalcopyrite.
The pegmatites occur in all gneissic lithologies, and
exhibit no significant mineralogical variation from one
location to another. Unlike these simple pegmatites, a
complex pegmatite cuts across the gneissic fabric at lo-
cation No. 24 (Fig. 7a & b). This pegmatite body has
a zoned structure, with a locally developed zone of
graphic pegmatite, characterized by coarse flakes of
biotite, gradually passing into a light-grey, alkali-
feldspar zone and a quartz-rich core containing biotite,
graphite and fluorapatite (significantly concentrated in
the core of the pegmatite, as illustrated in Rajesh and
Santosh, 1996b) (Fig. 7a & b). Because of their rela-
tionships to the tectonic fabrics and the occurrence of
some orthopyroxene grains along the pegmatite mar-
gins, we infer that the pegmatites were emplaced during
the regional granulite-facies metamorphism.
Mineral assemblages and textural relations
Metamorphic mineral assemblages within the study
area are restricted to those diagnostic of upper
amphibolite- and granulite-facies. The observed mineral
assemblages are listed in Table 2. Modal compositions
(by point counting) of gneiss-granulite pairs from dif-
ferent localities are summarized in Table 3.
The garnet-biotite gneiss consists dominantly of k-
feldspar, quartz, garnet, biotite, and plagioclase. Acces-
sories include zircon, rutile, magnetite, ilmenite and
apatite. In thin section, the gneissic fabric is evident
from the parallel to subparallel alignment of brown
biotite flakes and ellipsoidal garnet (illustrated in Figs.
Sa, Sb & 9a). Large garnet grains typically show sieve
texture (Fig. 9a) and some of the feldspar grains ex-
hibit myrmeckitic intergrowths (Fig. 9b). In the
charnockitic rocks, plagioclase is by far the most abun-
dant mineral, followed by k-feldspar, quartz,
orthopyroxene, garnet, and biotite. Accessory minerals
include zircon, apatite and magnetite. Charnockites ex-
hibit a granoblastic, polygonal mosaic microstructure,
with garnet porphyroblasts containing inclusions of
quartz, biotite and plagioclase. Garnet porphyroblasts
show variable degrees of resorption by other phases.
Biotite occurs as large matrix grains and small platy
grains enclosed by other phases. Quartz grains are
strained and polygonized, with serrated margins.
Orthopyroxene-bearing patchy charnockites of the
study area are mineralogically heterogeneous and five
sets of assemblages occur in closely spaced domains:
quartz-plagioclase-k-feldspar-orthopyroxene-garnet-
biotite
quartz-plagioclase-orthopyroxene-garnet-biotite
quartz-plagioclase-orthopyroxene
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plagioclase-orthopyroxene-garnet-biotite
plagioclase-orthopyroxene-biotite
Cordierite-bearing charnockite is characterized by the
assemblage of cordierite (crd) , orthopyroxene (opx) , k-
feldspar (kfs) , plagioclase (pIg), and quartz (qtz) ,
which coexist with partly consumed biotite (bt) and
garnet (grt). Cordierite is generally anhedral and is of
variable sizes, from small subrounded grains interlocked
with quartz to large porphyroblasts. Cordierite typi-
cally shows lamellar and cyclic twinning in most of the
samples (Fig. 9c). Orthopyroxene forms randomly on-
ented idioblasts upto 12 mm in length in cordierite ma-
trix. K-feldspar is mostly perthitic (Fig. 14a) and is as-
sociated with plagioclase. The occurrence of antiperthite
a
Ishowing two types of exsolution; one parallel (Fig.
lOa) and another oblique (Fig. lOb) to the lamellar
twinning of plagioclasel with the exsolved k-feldspar
commonly occurring as flattened, rod-shaped blebs, con-
centrated at or near grain edges is also prominently
noted. In one sample, an irregular shaped plagioclase
showing two types of k-feldspar exsolution, the coarser
one being parallel and finer (more or less augen shaped)
one being oblique to the lamellar twinning of plagio-
clase was observed (Fig. IDe). Biotite occurs as occa-
sional large matrix grains and as small grains enclosed
by cordierite. It also occurs as corroded grains, par-
tially replaced by cordierite included within garnet.
Ilmenite and magnetite constitute the opaque phases.
b
Garnet Biotite
gneiss
Gr'aphic pegmatite (alkali-li'lrllt feldspar) zone containing
coarse flakes of biotite D
Quartz-rich core
containing graphite-bioti
fluorapatite
Felsic portion
Fig. 7. a. Field photograph showing the zoned pegmatite seen at location No.24.
b. Schematic cross-section of the zoned pegmatite illustrated in Fig.7a. Note the honey yellow fluorapatite in the core
portion of the pegmatite in association with biotite and graphite. The different zones are described in the text.
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Table 2. Observed mineral assemblages (in thin section) of the various lithologies studied in detail as part of the present study.
Specimen No. Location No. Rock type Mineral assemblages
qtz pig kfs bt grt opx crd sp mag Hm gph ap zr
R94 I22205 22 Garnet-Biotite gneiss X X X X X X X X X
R94l22207 22 Garnet-Biotite gneiss X X X X X X X X X
R94l22303 23 Garnet-Biotite gneiss X X X X X X X X X
R94l22401 24 Garnet-Biotite gneiss X X X X X X X
R96122502 25 Garnet-Biotite gneiss X X X X X X X X X X X
R94122202 22 Opx charnockite X X X X X X X X
R94122208 22 Opx charnockite X X X X X X X
R94122301 23 Opx charnockite X X X X X X
R94122402 24 Opx charnockite X X X X X X X X X
R9412250J 25 Cordierite charnockite X X X X X X X X X X
R94J22502 25 Cordierite charnocki te X X X X X X X X X X X
R9612270J 27 Cordierite charnocki te X X X X X X X X X X
R96122703 27 Cordierite charnocki te X X X X X X X X X X
qtz-quartz; pig-plagIOclase; kfs-k-feldspar; bt-blOtJte; grt-garnet; opx-orthopyroxene;
crd-cordierite;sp-spinel; mag-magnetite; ilm-ilmenite; gph-graphite; ap-apatite; zr-zircon
Table 3. Modal composition (by point counting) of gneiss-granulite pairs from different localities of the present study area.
Minerals Location No. 22 Location No. 23 Location No. 24 Location No. 25
Gneiss Charnockite Gneiss Charnockite Gneiss Chamockite Gneiss Chamockite
Quartz 27.2 21.6 30.4 24.4 28.9 22.7 34.2 22.4
Plagioclase 29.1 31.2 27.1 30.2 25.6 30.3 17.2 16.3
K-feldspar 22.9 32.4 22.4 31.2 28.3 32.3 19.8 28.8
Gamet 12.3 5.8 12.5 6.8 10.2 5.7 16.7 4.1
Biotite 7.4 2.9 6.4 2.2 5.8 3.2 9.6 3.1
Orthopyroxene 5.2 4.6 5.4 7.5
Cordierite 2.1 17.1
Graphite 0.8 0.5 0.9 0.3 0.9 0.2
ODaqUeS 0.3 0.4 0.3 0.3 0.3 0.2 0.4 0.7
Biotite
Garnet
INDEX
Quartz +
Alkali feldspar +
Plagioclase
[~~ Orthopyroxene
o
-
-
ba
tern tern
Fig. 8. a. Sketch of an oriented thin section illustrating the gneissic fabric evident from the parallel to subparallel alignment
of bioitite flakes and garnet from a garnet biotite gneiss sample (location No.22; sample No. R9422205B)
b. Sketch of an oriented thin section illustrating the gneissic fabric and the orthopyroxene formation, from a sample
collected from the gneissic domain near an incipient charnockite patch (location N0.22; sample No. R94122207A) .
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Fig. 9. a. Photomicrograph illustrating gneissic fabric evi-
dent from the parallel to subparallel alignment of
biotite (bt) flakes and ellipsoidal garnet (grt) ,
from a garnet-biotite gneiss sample. Note the
sieve texture seen in the garnet grain (location
No.22; sample No. R94122205B) (crossed nicols.
width of the photograph is 4 mm)
b. Photomicrograph illustrating feldspar (kfs)
grains showing myrmeckitic intergrowths, from
a garnet-biotite gneiss sample (location No.22;
sample No. R94122207A) (crossed nicols. width of
the photograph is 4mm) .
c. Photomicrograph illustrating lamellar (rather
than sectorhwinning shown by a cordierite (crd)
grain, from a cordierite charnockite sample (
locatin No.25; sample No. R94l2250lA) (crossed
nicols. width of the photograph is 4mm).
Fig. 10. a. Photomicrograph illustrating the occurrence of
antiperthite with exsolved k-feldspar occurring as
rod-shaped blebs parallel to the lamellar twin-
ning of plagioclase, from a cordierite charnockite
sample (location No. 25; sample No. R94l2250lA)
(crossed nicols. width of the photograph is 4mm) .
b. Photomicrograph illustrating the occurrence of
antiperthite with exsolved k-feldspar occurring as
rounded blebs oblique to the lamellar twinning of
plagioclase, from a cordierite charnockite sample
(location No.25; sample No. R94l2250lA)
(crossed nicols. width of the photograph is 4mm) .
c. Photomicrograph illustrating the occurrence of
an irregular shaped plagioclase showing two
types of k-feldspar exsolution, with the coarse one
being parallel and finer (more or less augen
shaped) one being oblique to the lamellar twin-
ning of plagioclase, from a cordierite charnockite
sample (location No. 25;sample No. R94122501B)
(crossed nicols. width of the photograph is 4mm)
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cordierite + orthopyroxene +
----.. (4) (illustrated in Fig.
The occurrence of composite grains of bottle-green
hercynitic spinel and magnetite is common in all the
cordierite charnockite samples studied (Figs. lIa and
14a). Spinel has not been observed in mutual grain con-
tact with quartz. Bluish-brown pleochroic haloes around
tiny zircon crystals are noted in large grains of
cordierite (Figs. lIb & 14c). Cordierite occurs in grain
contact with all the minerals seen m cordierite
charnockite. The cordierite charnockite samples preserve
grt-opx-crd-qtz, opx-crd-qtz, and grt-crd-qtz assemblages
(±bt±plg) in closely spaced domains.
The textural evidence suggests that a sequence of re-
actions led to the development of these assemblages.
Grain boundaries of mineral pairs (grt-opx, opx-crd,
crd-grt) are mostly potential reaction sites, with
symplectitic intergrowths being extensively developed at
the margins of porphyroblastic grains. Unlike the
orthopyroxene (cordierite-bearing granulites, the felsic
gneisses show few mineral-reaction textures. The tex-
tural relations m orthopyroxene-bearing and
orthopyroxene-free assemblages are described in detail
below. In the orthopyroxene-bearing charnockite sam-
ples, skeletal, coarse-grained biotite with interstitial
quartz occurs in spatial association with garnet, show-
ing irregular and sutured grain boundaries,
orthopyroxene, and plagioclase (Fig. 12). This texture
contrasts with the commonly finer grained biotite that
defines the foliation in the gneissic matrix. The reaction
intergrowth of skeletal biotite and garnet with
neoformed orthopyroxene and plagioclase illustrates the
characteristic paracharnockite (a variety of incipient
charnockite formed by the dehydration of pelitic
gneisses) formation reaction:
garnet + biotite + quartz = orthopyroxene + alkali
feldspar + plagioclase + ilmenite + H 2 0 ----..(1) (illus-
trated in Fig. 12).
Previous studies in southern India have reported
similar reactions illustrating paracharnockite formation
(Hansen et al., 1987; Santosh et al., 1988, 1990). In
some of the opx-charnockite samples large platy grains
of biotite at the contact with quartz are mantled by a
corona of orthopyroxene and perthitic k-feldspar and
thus biotite forms the main reactant phase to produce
orthopyroxene (Fig. 13), as illustrated by the reaction:
biotite + quartz = orthopyroxene + alkali feldspar
+ v ----.. (2) (illustrated in Fig. 13)
The occurrence of cordierite as rims around garnet
(Fig. 14a) and as a constituent of symplectite with
orthopyroxene (Fig. 14b) , plagioclase (Fig. 14c) and
quartz (Fig. 14d) indicates that cordierite is a reaction
product after garnet. Cordierite also occurs m
symplectitic intergrowth with quartz and k-feldspar and
show fine plumose type of intergrowth (Fig. 14e). Of-
ten, reaction textures of fine symplectite intergrowth of
cordierite with quartz adjacent to neoformed
orthopyroxene and relic garnet, and cordierite rims
around spinel or garnet (Fig. 14a) , are in optical conti-
nuity, with fine intergrowths merging into coarse crys-
tals. Mutual contacts of cordierite and orthopyroxene
in biotite-poor assemblages, with reaction textures indi-
cating partial consumption of garnet and biotite, and
the observed decrease in the modal abundance of biotite
in charnockite relative to gneiss (Table 3), indicates the
cordierite-forming dehydration reaction:
biotite + garnet + quartz = orthopyroxene +
cordierite + alkali feldspar + H 2 0 ----.. (3)
The role of biotite breakdown in cordierite forma-
tion is further illustrated by idioblasts of cordierite en-
closing isolated lobate biotite grains in optical continu-
ity with biotite in the matrix, and the texture includes
cordierite-quartz symplectite, orthopyroxene and k-
feldspar, suggesting the cordierite-forming reaction
(Fig. 14d):
biotite + quartz
alkali feldspar + H 2 0
14d)
Garnet and quartz m biotite-absent domains are re-
placed by graphic symplectites and rinds of crd-opx.
This is illustrated by large garnet porphyroblasts con-
taining irregular patches of cordierite m fine
symplectitic intergrowth with quartz adjacent to
neoformed orthopyroxene, thus indicating the reaction:
garnet + quartz = cordierite + orthopyroxene
----.. (5) (illustrated in Fig. 14b)
Granulite petrology makes use of both well-
equilibrated mineral assemblages and disequilibrium fea-
tures (e.g., coronas and symplectitic textures) to quan-
tify temporal or kinematic information that is vital to
petrogenetic interpretation. The recognition of the vari-
ous mineral assemblages above from the granulite lo-
calities studied have implications for the modeling of
metamorphic fluid flow and for the interpretation of
reaction textures and approximate P-T paths for the
present study area. As the garnet- consuming reaction
to form orthopyroxene (reaction 1) is considered as a
characteristic reaction for the transformation from
amphibolite to granulite-facies assemblages, this dehy-
dration reaction has often been taken to represent the
highest metamorphic grade reached. Previous studies on
similar gneiss-granulite transitions have shown that it
involves a pronounced volume change and has a shallow
slope in P-T space so that the reaction is initiated
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Fig. 11. a. Photomicrograph illustrating composite grains
of bottle-green hercynitic spinel (sp) and magnet-
ite (mt) , from a cordierite charnockite sample
(location No.25; sample No.R94122502C). The
spinel-magnetite association is a unique feature
seen in all the cordierite (crd) saples studied
(open nicols. width of the photograph is 1mm) .
b. Photomicrograph illustrating bluish, pleochroic
haloes of cordierite (crd) around tiny zircon (zr)
crystals, from cordierite charnockite sample (lo-
cation No.25; sample No.R94122502C) (crossed
nicols. width of the photograph is 1mm).
Fig. 12. Photomicrograph illustrating the paracharnockite-
forming reaction garnedgrt) + biotite (bt) +quartz
= orthopyroxene (opx) + alkalifeldspar (kfs) +
plagioclase (pIg) + ilmenite + H 2 0, from an incipi-
ent charnockite sample (location No .22; sample No.
R94122202A) (open nicols. width of the photograph
is 4mm)
~
Photomicrograph illustrating the reaction biotite
(bt) + quartz (qtz) = orthopyroxence (opx) + al-
kali feldspar (kfs) + v, from an incipient
charnockite sample (location No.24; sample No.
R94122402A) (crossed nicols. width of the photo-
graph is 4mm) .
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Fig. 14. Photomicrographs illustrating various microstructures observed in cordierite charnockite samples. Figs.15a, b, c & d
are clearly indicative of an isothermal decompression experienced by the rock type (d. Harley, 1989) .
a. Photomicrograph illustrating cordierite (crd) coronal rims around a garnet (grt) grain and a composite grain of mag-
netite (mt) and greenish spinel (sp) (hercynite) with adjacent zircon (zr) in a perthitic (kfs) host crystal, from a
cordierite charnockite sample (location No.25; sample No. R94122502C) (crossed nicols. width of the photograph is
1mm).
b. Photomicrograph illustrating cordierite-orthopyroxene (crd-opx) symplectite from a cordierite charnockite sample
(location N .25; sample No. R94122502C) (crossed nicols. width of the photograph is 4mm).
c. Photomicrograph illustrating cordierite-plagioclase (crd-plg) symplectite from a cordierite charnockite sample, Blu-
ish pleochroic halo of cordierite around a tiny zircon (zr) crystal can also be seen (location No.25; sample No.
R94122502C) (crossed nicols. width of the photograph is 1mm).
d. Photomicrograph illustrating cordierite-quartz krd-qtz) symplectite from a cordierite charnockite sample (location
No.25; sample No. R94122502C) (crossed nicols. width of the photograph is 4mm).
e. Photomicrograph illustrating cordierite-k-feldspar-quartz (crd-kfs-qtz) symplectite from a cordierite charnockite sam-
ple (location No.25; sample No. R94122502C) (crossed nicols. width of the photograph is 4mm).
84 H. M. RAJESH and M. SANTOSH
under a decompressional regime (e.g., Santosh, 1987;
Chacko et at., 1987). Reaction textures involving the
formation of opx-plg and opx-crd symplectite at the ex-
pense of garnet, consistent with the garnet-breakdown
reactions 1 and 5, respectively, are unlikely to record
significant long-term heating because the grain sizes of
the symplectites are generally much less than those of
the reactant phases, and hence, have often been de-
scribed as diagnostic of isothermal decompression (cf.
Hollister, 1977; Harley, 1989). Reaction textures and
symplectites of cordierite, cordierite+quartz, or
cordierite+k-feldspar+quartz as well as cordierite co-
rona surrounding garnet suggest that a pressure de-
crease occurred during the thermal peak (cf. Thompson,
1976; Schenk, 1984; Tracy et at., 1976). The similarity
of these symplectites of the present study with those of
similar garnet break down reactions reported by previ-
ous studies in KKB (e.g. Santosh, 1987; Chacko et at.,
1987) further implies rapid decompression. Considering
that charnockite formation in southern Kerala was es-
sentially linked to a post-peak metamorphic, brittle-
dominated gneiss-forming rheologic conditions (Santosh
et at., 1991), the various mineral reaction textures ob-
served, including coronas and symplectite reaction tex-
tures, in the granulite localities studied imply a nearly
isothermal decompression history (cf. Harley, 1989).
Fluid-inclusion studies
Fluid-inclusion studies often take into account the
well-known assumptions that the volume and the com-
position of the examined inclusions have remained con-
stant since the moment of inclusion entrapment. Units
sampled for fluid-inclusion studies from within the
study area include garnet-biotite gneiss, charnockite and
pegmatite assemblages. Doubly polished fluid-inclusion
wafers of thickness ranging from 0.5 to 1.0 mm were
prepared. They were examined petrographically under
varying magnifications to establish inclusion types pre-
sent, prior to microthermometric analysis. Fluid-
inclusion compositions and densities were determined us-
ing a temperature-calibrated CHAIXMECA mlcro-
thermometry apparatus. Fluid densities and isochores
were computed using an IBM software developed by
Tom Anderson of the University of Oslo, Norway.
Among the different fluid-inclusions found are those
trapped within quartz, garnet, charnockite plagioclase
and cordierite in charnockite, quartz in gneiss, quartz
and fluorapatite in pegmatite (fluid-inclusions in peg-
matite fluorapatite is illustrated m Rajesh and
Santosh, 1996b). Quartz often contains more abundant
fluid-inclusions than other minerals. Inclusions in these
samples show an upper size limit of 40 microns in the
longest dimension, with the majority in the range of <
5 - 30 microns and varying shape patterns.
Quartz crystals from closely associated charnockite
and gneiss samples were selected for preliminary fluid-
inclusion studies. Some of the orthopyroxene-bearing
charnockite sample pairs contain significant proportions
of graphite (the abundance of graphite in adjacent
gneiss-granulite domains is illustrated in Table 3).
Fluid-inclusions m orthopyroxene-bearing patchy
charnockite samples belong to three distinct groups: (l)
CO, -rich inclusions (carbonic inclusions) at grain
boundaries or within quartz grains as isolated individu-
als or along trails (not planar arrays) (Figs. 15a, 15b,
15c & 16a); (2) CO,-H,O inclusions (carbonic-aqueous
inclusions) along grain boundaries alongside carbonic in-
clusions (Figs. 15c & 16b); and (3) aqueous inclusions
that occur in trails, some of which cross-cut grain
boundaries and are interpreted to be the latest inclu-
sions trapped. Regarding CO,-rich inclusions, only those
that contain no visible evidence of fluids that are
immiscible with CO, at room temperature (e.g., H,O)
were considered for detailed studies in the charnockite
samples. Monophase carbonic inclusions constitute the
dominant category in all the charnockite samples stud-
ied, either forming azonal clusters (Figs. 15a, 15b, 16b
& 16c) or planar arrays (Figs. 15c & 16a) which pinch
out within individual grains. The primary character of
the majority of these inclusions is ascertained by the re-
lations between inclusion occurrence and the relatively
undeformed nature of the host mineral. The less pro-
nounced biphase carbonic aqueous inclusions show an
average degree of filling of 0.4 in charnockite quartz
(H, 0=40%, CO, =60%) and 0.5 m cordierite
charnockite (0.4-0.5 VCO, and the rest LCO,). Fluid-
inclusions in the charnockite samples show a variety of
shapes, with quartz-bound inclusions having common
ovoidal, diamond or irregular shaped cavities, while
cordierite bound inclusions have perfectly rectangular
(for larger inclusions) (Fig. 16b) and tubular or needle-
shaped cavities (for smaller inclusions) (Figs. 16b &
16c). Garnet-bound inclusions show negatively shaped,
irregular-shaped (Fig. 17a) as well as tubular to
vermicular cavities (Fig. 17b) and are usually irregu-
larly distributed, the latter probably related to growth
patterns of the host crystal. Although less in abun-
dance, plagioclase-bound inclusions show typical rectan-
gular shape and generally occur in planar arrays (Fig.
18a). Representative photographs of the fluid-inclusions
in charnockite samples are shown in Figs. 15 (a, b &
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Fig. 15. Photomicrograph of doubly polished section of
quartz from charnockite, showing well- developed,
large, monophase carbonic inclusions. These in-
clusions represent the dominant category of inclu-
sions in charnockite quartz.
a. Magnification 16x. Monophase CO,
b. Magnification 16x. Monophase CO,
c. Magnification 40x. Monophase CO, and biphase CO,
and biphase CO, -H,O can be seen
Fig. 16. Photomicrograph of doubly polished section of
cordierite from charnockite, showing monophase
carbonic inclusions with perfectly rectangular cavi-
ties for larger inclusions and tubular or needle
shaped cavities for smaller inclusions.
a. Magnification 16x. Array distribution of monophase
CO, inclusions.
b. Magnification 40x. Larger rectangular and smaller
tubular or needle shaped monophase CO, inclusions
in cordierite.
c. Magnification 32x. Smaller tubular or needle-shaped
monophase CO, inclusions in cordierite.
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Fig. 17. a. Photomicrograph of doubly polished section of
garnet from charnockite showing inclusions with
irregular cavities. Magnification 32x.
b. Photomicrograph of doubly polished section of
garnet from charnockite showing inclusions with
vermicular cavities. Magnification 32x.
c), 16 (a, b & c), 17 (a & b) and 18a.
On the other hand, garnet- and biotite-bearing
gneiss samples generally contain abundant CO 2-H 20-
rich fluid-inclusions, in addition to the CO 2-rich fluid-
inclusions. At room temperature, C02 -H 2 0 fluid-
inclusions are three-phase (LH20, LC02, VC02), with
the vapor bubble occupying 10-20 percent of the volume
of the inclusion cavity; they occur rarely as isolated in-
clusions, and more frequently III clusters and III
intergranular trails (Fig. 18b) . All these gneiss-
granulite sample pairs clearly indicate a substantial en-
richment (upto three times) of C02-rich fluid-inclusions
Fig. 18. a. Photomicrograph of doubly polished section of
plagioclase from charnockite showing inclusions
with typical rectangular shape. Plagioclase
shows less abundance of inclusions among the
charnockite minerals studied. Magnification 32x.
b. Photomicrograph of doubly polished section of
quartz from gneiss showing the abundance of
biphase CO, -H, 0 inclusions compared to
monophase CO, inclusions. Magnification 32x.
III the charnockite relative to the associated gneiss,
clearly indicating an enrichment in C02 associated with
the conversion of amphibolite to granulite at the
partially-charnockitized localities studied (Fig. 19).
The next phase of fluid-inclusion studies involved
samples from pegmatite domains adjacent to incipient
charnockite patches. A number of graphite-bearing peg-
matite rocks were sampled for the purpose of evaluat-
ing the relation between the presence of graphite and
the composition of fluid-inclusions. The earliest genera-
tion of fluids in pegmatite quartz is represented by well
developed, large (essentially), monophase carbonic
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Fig. 19. Histogram showing the frequency of abundance of CO, and CO,-H,O phase categories of inclusions in the gneiss and
charnockite samples from the various localities of the present study area. The increase in abundance of CO,-rich inclu-
sions in charnockite relative to the gneiss depict an external influx of CO,into these rocks, causing "carbonic metamor-
phism" (Newton et al., 1980)
inclusions, which occur either randomly distributed over
the host crystal or in isolated clusters. A second type
shows distribution along arrays which pinch out within
individual grains. Some of the carbonic inclusions are
not monophase, but show a separate meniscus of liquid
C02 at room temperature, along with traces of water
as an immiscible phase. A feature noticed in these sam-
ples is the presence of opaque, needle-like solids in the
proximity of inclusions lpossibly rutile (?), fine graph-
ite flakes (??)I.
The homogeneity of a population of inclusions (oc-
curring as isolated, cluster or trail-bound)' is best evalu-
ated by statistical analysis of the final melting tem-
peratures (Tm). This indicates the chemical composition
of the fluid, and the homogenization temperatures
(Th) , which gives the molar volume of the trapped
fluid (Roedder, 1984; Touret and Hartel, 1990). The
melting temperatures of the C02 phase (Tm) in the in-
clusions observed, range from -55.8°C to -57°C, with
most measurements close to the triple point of pure C
02 (-56.6°C) (Fig. 20), and no visible water being de-
tected within the inclusions; thus, the fluid composition
was modeled as pure CO 2. Although even in the case of
(relatively few) large primary CO 2 inclusions no evi-
dence of H 20 has been observed, small amounts of H20
may be present with H20 contents probably much less
than 10 molpercent.
The majority of C02 inclusions analyzed from the
higher homogenization temperature group occur along
trails, some of which are intergranular. A large propor-
tion of these fluid-inclusions exhibit two phases at
room temperature. Histograms illustrating the data
from heating and freezing measurements on various
samples of the present study, plotted against frequency
of inclusions, is given in Fig. 21. Based on the mode of
occurrence and densities of various charnockite miner-
als, it follows that garnet entrapped the highest density
fluid, followed by quartz and cordierite (Fig. 22).
Evaluating the phase transformations for various fluid-
inclusions, an approximate P-T estimate is deduced
(Fig. 23). Fluid-inclusions within the charnockite quartz
inclusions indicate trapping conditions of ca. 600-700°C
at pressures of 3-4 kbar.
The presence of C02-H 20 inclusions was confirmed
by formation of clathrate-hydrates (C02.5.75 H20) dur-
ing cooling (developing five phases-LH20, ice, gas hy-
drates, solidC02, LC02 and VC02). On further heating,
clathrate melting, which was usually observed by the
sudden movement of the CO 2 vapor phase, was observed
between 0 and 7, with peaks at 3.3°C and 3.8°C confirm-
ing the presence of higher salinity in charnockite quartz
and pegmatite fluorapatite, respectively. Micro-
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Histogram showing the melting temperatures of the
C02 phase (Tm) obtained from the inclusions in
various samples of the present study. a. Pegmatite
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Fig. 20. Histogram showing the melting temperatures of the
C02 and CO 2-H20 phase categories of inclusions in
the gneiss and charnockite samples from the various
localities of the present study area. The increase in
abundance of C02 -rich inclusions in charnockite
relative to the gneiss depict an external influx of C
02 into these rocks, causing "carbonic metamor-
phism" (Newton et al., 1980).
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thermometric studies revealed the presence of high den-
sity C02 -rich fluids within the pegmatite minerals
(quartz-this study; fluorapatite-illustrated in Rajesh
and Santosh, 1996b), suggesting that the fluids associ-
ated with the melt were dominated by a C02-rich re-
glme.
From the petrographic and microthermometric study
of fluid-inclusions from granulite-facies rocks of the
Punalur area, the following conclusions can be made:
(1) there are three compositional types of fluid-
inclusions present in the charnockite samples: C02-rich,
mixed C02-H 20 and H 20-rich fluid-inclusions;
(2) high-density, pure C02 inclusions are most abun-
dant in all the minerals studied here, except gneiss
quartz, where C02-H 20 inclusions predominate suggest-
ing that the gneiss to charnockite conversion involved
an addition of CO 2-rich fluids;
(3) C02 -rich fluid-inclusions are common m
charnockite minerals and their distribution pattern 1S
consistent with synmetamorphic entrapment;
(4) the presence of some H 2 0 in the metamorphic
fluids is consistent with the occurrence of biotite as a
stable accessory phase in charnockite;
(5) the homogenization temperatures indicate that
the granulite minerals trapped moderate- to high- den-
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Fig. 22. Figure showing CO, density gradients within the
various minerals studied. The decrease in density
from garnet through quartz to cordierite in these
rocks suggests fluid entrapment under an isother-
mal uplift regime.
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Fig. 23. P-T isochores for CO, and CO,-H 2 0 inclusions for the incipient charnockite samples of the present study. The fluid evo-
lution from early pure carbonic to mixed carbonic-aqueous is shown by ornamentation. P-T conditions reported by
previous studies for KKB is also shown. The data indicate that the CO,-rich inclusion could have been trapped at the
conditions of metamorphism. The uplift path defined indicates an isothermal history for the incipient charnockites of
the present study.
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sity CO 2 inclusions with a systematic decrease in the
density of CO 2 from garnet through quartz to
cordierite, while in the pegmatite minerals quartz en-
trapped denser fluids than fluorapatite;
(6) coexisting C02-H 20 and CO 2 inclusions in the
charnockite samples give entrapment temperature and
pressure conditions of ca. 600-700°C and 3-4 kbar. Such
low pressures of granulite formation have been previ-
ously reported in KKB (e.g. Harris et aI., 1993);
(7) the pegmatite minerals containing abundant,
well-developed and large, primary CO 2-rich inclusions,
support the fact that infiltration of large quantities of
C02 would lead to the precipitation of graphite (cf.
Farquhar and Chacko, 1991; Santosh and Wada, 1993a).
Timing of fluid entrapment and
possible fluid sources
Because the origin of the CO 2-rich fluid-inclusions
occurring in granulites has been the subject of some de-
bate (Touret and Olsen, 1985; Lamb et al., 1987;
Hollister, 1988; Lamb, 1990; Touret and Hartel, 1990;
Santosh et al., 1991), a discussion of the timing of in-
clusion formation and a determination of the source of
fluid (s) now trapped in inclusions is warranted. The
relative timing of entrapment of fluid-inclusions was
inferred through microthermometry, petrography and
textural relationships. The high-density, C02-bearing in-
clusions are reasonably interpreted as earlier and pri-
mary with respect to the peak of metamorphism, com-
pared to those inclusions (both aqueous and CO 2-
bearing) that lie along healed microfractures. The close
correspondence in the densities of trapped C02 with re-
spect to P-T conditions estimated for fluid-inclusions
suggests that the carbonic inclusions are
synmetamorphic, following the arguments illustrated in
Touret and Hartel (1990).
Several fluid reservoirs may be invoked to account
for the fluid influx. Three generally accepted models
that have been proposed for the source of C02 in
granulite-facies rocks are: (l) C02 is derived from sur-
rounding rocks through decarbonation reactions
(Glassley, 1983) or oxidation of CH4 or graphite during
metamorphism (Kreulen and Schuiling, 1982); (2) C02
is derived from the mantle (Touret, 1971; Kreulen,
1980; Newton et al., 1980); or (3) C02 represents a "re-
sidual" fluid left after extraction of H 20 through dis-
solution in anatectic melts (Touret and Dietvorst,
1983). Frost and Frost (1987) propose that magmas
crystallizing within the crust are also sources of CO 2-
rich fluids necessary to the formation of some
granulites (Newton et al., 1980), a theory supported by
the work of Farquhar and Chacko (1991). Regarding
South India, stable isotope studies from the classic in-
cipient charnockite locality at Kabbaldurga, Karnataka,
South India, suggest that the carbonic fluids equili-
brated with a magmatic source at deep crustal levels
(Friend, 1981; Friend and Nutman, 1992). Studies from
different incipient charnockite localities in South India
have shown that C02 in fluid-inclusions are isotopically
heavier and more abundant than that in associated
gneisses and 8 I3(j values are similar to those found in
upper mantle xenoliths thus implying a mantle source
(Jackson et aI., 1988; Santosh et al., 1991); both fea-
tures specifically rule out decarbonation of sedimentary
rocks as the origin of the C02. Subject to the various
options and approximations made, it is most appropri-
ate to relate the C02-rich fluids to "juvenile" sources
of probably magmatic derivation.
Summary and discussion
The granoblastic microstructures and the modal
composition of the charnockitic rocks of the present
study area indicate complete attainment of textural and
chemical equilibrium during and following the stage of
extreme grain-scale deformation by thorough
recrystallization at granulite-facies conditions. The
transformation of garnet-biotite gneiss to charnockite
is illustrated insitu in the outcrops covered. The newly
formed charnockite forms patches within the garnet-
and biotite-bearing country rock. The charnockite-
forming reactions deduced from the paracharnockite lo-
calities are essentially pressure- dependent and proceed
by isothermal decompression. The marked decrease in
biotite content in the charnockite relative to the gneiss
suggests that changing water activity provided the ma-
jor control on cordierite and orthopyroxene development
m the coarse assemblages that characterize the
cordierite charnockite. The different microstructures ob-
served from the cordierite charnockite locality, includ-
ing cordierite corona around garnet and cordierite-
quartz symplectite, constitute the critical evidence in-
dicative of a decompressional P-T path.
The measurement of fluid-inclusion abundances and
their densities and the compositional characteristics in
high-grade terranes has been very useful in developing
models of fluid behavior in the lower crust such as the
model of large-scale C02 infiltration into the lower
crust (e.g., Newton et al., 1980). Fluid-inclusions have
also, in some instances been used to refute these models
(e.g., Lamb et al., 1987) through the argument that the
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CO 2-rich fluids were introduced into these rocks long
after the metamorphic peak, and that the inclusions
are, therefore, irrelevant to the high-grade metamorphic
conditions. The co-existence of orthopyroxene and k-
feldspar in the samples studied signifies the requirement
that any fluids present must have had a very low H20
content (cf. Wendlandt, 1981; Bohlen et al., 1983). Pre-
vious studies of fluid-inclusions in charnockites have
identified no major components other than CO 2 (e.g.
Janardhan et al., 1979; Hansen et aI., 1987; Stahle et
al., 1987; Jackson et al., 1988; Santosh et al., 1991),
leading to the interpretation that an influx of exter-
nally derived C02 was responsible for the change in
fluid composition. Fluid-inclusion studies of closely as-
sociated gneiss-granulite pairs from the present study
area confirm the suggestion that the change was from
H20-dominated to CO 2-dominated compositions. There-
fore, the C02-rich fluid-inclusions are consistent with
entrapment during peak metamorphism. The P-T condi-
tions derived for the simultaneous entrapment of fluid-
inclusions from various gneiss-granulite samples of the
present study may represent a stage of unmixing of an
originally homogenous carbonic-aqueous fluid, thus pro-
viding the trace of the isothermal decompressional path
which the rocks might have followed. The
decompressional P-T path recognized for the present
study area passes through the equilibration conditions
of ca. 600-700°C and 3-4 kbar and is similar in slope
and magnitude to decompressional paths from previous
studies (e.g. Santosh, 1985, 1987). Such a P-T vector,
though not uncommon, may suggest a tectonic scenario
of extensional collapse during the waning of the re-
gional compression, which would be sufficiently fast for
the decompression to be essentially isothermal
(Sandiford and Powell, 1991).
Research on the petrology of the lower crust has
been influenced over the last decade by the concept of
large C02 fluxes accompanying and promoting
granulite-facies metamorphism. The demonstration of
the importance of local reaction control of fluid compo-
sitions indicates that a fluid phase, if present in equi-
librium with the granulite assemblage, was not perva-
sive; it was, perhaps channelized and transitory in char-
acter. The astonishing uniformity of the water activity
/aH 20 = 0.25 ± 0.06 (1) I for a large number of
khondalite and charnockite samples within the KKB, re-
ported by Chacko et al., (1988), suggests external buff-
ering over a wide area and favors a gneiss-granulite
transformation by infiltration of a fluid and/or melt
phase. Considering the proximal relationship between
the cordierite granulite locality (Iocation No. 27; Fig.
Ie) and the ACSZ, a high degree of fluid flux effecting
wider zones of dehydration is conceivable (cf. Santosh,
1991). The increased C02/H 20 ratio obtained could be
the result of the influx of CO, derived from an external
source.
The occurrence of alkaline pegmatites adjacent to in-
cipient charnockite patches in the granulite localities in-
vestigated warrants further comment. Rajesh and
Santosh (1996b) reported the wide occurrence of pri-
mary apatite crystals in association with graphite
within such alkaline pegmatites and melt pockets that
traverse the granulite-grade metapelites of the KKB. As
a follow-up of this study, we investigated four locali-
ties in Trivandrum district, southern Kerala (Fig. la;
marked as additional localities investigated), where the
process of gneiss-granulite transformation has been
clearly illustrated in previous studies (e.g. Santosh et
al., 1990; Yoshida and Santosh, 1987). Pegmatites and
melt pockets here often contain alkali feldspar as the
dominant mineral, with subordinate quartz and acces-
sory graphite, biotite, fluorapatite, Fe-Ti oxides and
sulphides. The heavier, carbon- enriched isotopic compo-
sition of graphite associated with these pegmatites,
which is comparable to that of graphite flakes encoun-
tered in the incipient charnockites, indicates the involve-
ment of a carbonic fluid that passed through a defined
fluid channel in the crust and caused graphite precipita-
tion (cf. Santosh and Wada, 1993a and b). The abun-
dance of C02-rich inclusions within quartz (this study)
and fluorapatite crystals (illustrated in Rajesh and
Santosh, 1996b), and the intimate association of these
minerals with fluid-precipitated graphites, suggest that
the pegmatite dykes hosting quartz, graphite and
fluorapatite were enriched in C02, CO, -H20, F and
other volatiles.
It is apparent that a key factor for the resilience of
these alkaline pegmatite dykes adjacent to the incipient
charnockites is the channeling of CO ,-rich fluids, either
at grain scale or at outcrop scale (i.e., shear zones).
This suggests that the infiltrating carbonic fluids
gained access along a network of channels that were
lithologically and structurally controlled, dehydrating
the channel, followed by dehydration of the intervening
gneissic areas caused by a diffusion of H 20 into the
low aH,O channel and surrounding areas. This process
resulted in the formation of patches and veins of
charnockite.
Thus these alkaline pegmatites can be considered to
be the carriers of the fluids. The pegmatites were
probably derived from partial melts that were gener-
ated at deeper crustal levels, and the crystallization of
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these melts would have exsolved fluids. The pegmatites
themselves represent cryptic pathways through which
felsic melts might have migrated. The magma tectonics
of these alkaline pegmatites can be correlated with a
fault-controlled felsic magmatism with alkaline affini-
ties, the imprints of which have been widely documented
in South India (Santosh and Drury, 1988; Santosh et
al., 1989), suggesting an extensional regime, where
crustal thinning was accompanied by the generation of
felsic magmas (Rajesh et al., 1996) (illustrated as a
plausible model in Fig. 24). Thus, these pegmatites can
be considered as part of a large alkaline magmatic re-
gime with a potential source in the deep crust, the tec-
tonics of which could be related to the Pan-African
taphrogenesis.
On a wider scale, it follows that magmas that are
derived from the mantle or deeper crust and which lll-
trude at higher levels can provide the heat source for
granulite-facies metamorphism, thus furthering the role
of magmatism in driving high grade metamorphism (ct.
Frost and Frost, 1987). This is further substantiated by
the stable isotope data from the carbonic fluid-
inclusions of Kerala charnockites (Jackson et al., 1988)
and carbon isotope analysis of C02-rich fluid-inclusions
in the Kerala alkali granites (Santosh, Hoefs and Iyer,
unpub. data), both indicating a mantle connection for
trapped fluids. Consequently, it is recognized that the
ultra high temperature nature of the metamorphism in
KKB deduced from recent studies (Chacko et al., 1996)
requires the advective heat transfer processes within the
Upper crust (?)
Deep crust (?)
Pegmatite phaseIi!!! containing graphite,
fluorapatite etc.
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Fig. 24. Schematic illustration of the overall pattern of fluid flow and a model for fluid controlled charnockite formation ( at
grain scale and at outcrop scale) in South India. The model is not to scale. lt takes into consideration the following
proposals:
(1) the fact that a granite gneiss can be charnockitized locally by CO,-rich fluids producing a patchy pattern, as docu-
mented in several localities in South India;
(2) the structurally adjacent relationship of these patchy charnockites to alkaline pegmatites suggests that these
pegmatites served as channel ways for the infiltrating carbonic fluids, resulting in the dehydration of the gneissic do-
mains and formation of patches and veins of charnockite;
(3) the magma tectonics of these alkaline pegmatites can be correlated to a fault-controlled felsic magmatism with al-
kaline affinities, the imprints of which have been widely documented in South India;
(4) thus, on a wider scale, it follows that magmas that are derived from the mantle or deeper crust and which intrude
at higher levels can provide the heat source for granulite-facies metamorphism, thus evaluating the role of magmatism
in generating some granulites.
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crust, such as the emplacement of granites (cf. England
and Thompson, 1984) accompanied by extensional col-
lapse in the upper crust (Searle et al., 1992). Pan-
African alkali granites and syenites sporadically punc-
ture the broad region of granulite-facies metamorphism
(recent studies converging granulite-facies metamor-
phism at ca. 550 Ma) in South India (Rajesh and
Santosh, 1996a). Recent studies have demonstrated the
generation of a restricted area of high temperature, ei-
ther above a rising plume or a zone of rifting with
mantle-derived fluids characterized by CO 2, water, and
possibly other volatiles, with mantle isotopic signature,
continuing to move upward through the crust of south-
ern India for at least 100 million years (perhaps larger)
after the peak of magmatism (Miller et at., 1996).
Thus, the transport of C02 by felsic melts through the
middle crust is suggested to be part of a crustal-scale
fluid system that linked mantle heat and C02 input
with upward migration of crustally-derived felsic melts
and incipient charnockite formation.
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